Additional index words. Malus ×domestica, drip-fertigation, ground cover, soil man age ment Abstract. 'Spartanʼ apple (Malus ×domestica Borkh.) trees on M.9 (T337) root stock were planted in April 1994 at 1.25 m × 3.5 m spac ing. Seven soil management treat ments were applied within a 2-m-wide strip cen tered on the tree row and arranged in a randomized complete-block experimental de sign. Treat ments included a weed-free strip (check) maintained with four annual ap pli ca tions of glyphosate; surface ap pli ca tion of 45 t·ha -1 of Greater Vancouver Re gion al District (GVRD) biosolids applied in 1994 and again in 1997; mulches of shred ded offi ce paper; alfalfa (Medicago sativa L.) hay; black wo ven polypro py lene; and shredded paper applied over 45 t·ha -1 GVRD-and Kelowna-biosolids applied in 1994 and 1997. All ex per i men tal trees were fertigated with phos pho rus (P) in the fi rst year and with ni tro gen (N) annually. Cu mu la tive yield for the fi rst fi ve harvests was higher for trees sub ject ed to any soil man age ment treatment relative to check trees. Max i mum cu mu la tive yield, exceeding check trees by 80%, was measured for trees grown with a shred ded paper mulch with or without biosolids application. Trees from the three shredded paper treatments were the only ones sig nifi cant ly larger than check trees after six grow ing seasons. No in creas es in leaf nutrient concentration were con sis tent ly as so ci at ed with improved tree per for mance. Notable effects included in creased leaf P con cen tra tion associated with biosolids application, increased leaf K con cen tra tion after alfalfa mulch application and temporary in creas es in leaf Zn and Cu concentration associated with application of biosolids high in Zn and Cu. Use of both mulches and biosolids amendments ben e fi ts growth of trees in high density plantings de spite daily drip irrigation and annual fertigation.
on the tree rows. Treatments were ap plied in a randomized com plete-block design with four measurement trees per treat ment, rep li cat ed in fi ve blocks. 'Royal Galaʼ pollinizer trees sep a rat ed all four-tree treat ment plots. Treatments included: 1) Check. Plots were maintained weed-free year-round via ap pli ca tions of glyphosate (N-[phosphonomethyl] glycine) at 1.0 kg·ha -1 a.i., annually, usually in early May, mid-June, late August, and late October. 2) Greater Vancouver Regional District (GVRD)-biosolids. This plot was maintained in the same manner (including her bi cide application) as the check plot, but had 45 t·ha -1 (oven dry) of min i mal ly composted sewage sludge from GVRD applied to the soil sur face in July 1994 and again in June 1997.
Mulches in clud ed: 3) Shredded offi ce paper, which was initially ap plied uni form ly to cover the weed-free soil sur face at 15 kg/plot (2 m × 6.25 m) in July, 1994 and annually at 5 kg/plot to maintain complete cover. 4) Alfalfa straw, which was applied fi rst in mid-May, 1994 at a rate of ≈30 kg/plot and an nu al ly at 15 kg/plot to maintain com plete cover. 5) Black woven polypropylene. This fabric (Sarlonshade Corp. of America, Miami), per me able to irrigation water, was installed 15 Apr. 1994 with edges buried in the soil.
Shredded paper mulch was ap plied and maintained as described pre vi ous ly over: 6) 45 t·ha -1 of Kelowna-biosolids; and 7) 45 t·ha -1 of GVRD-biosolids, both ap plied initially in July 1994.
The paper mulch only was lifted and re ap plied after a second application of the re spec tive biosolids at 45 t·ha -1 in June 1997. The nutrient content of Kelowna, GVRD-biosolids and pa per and alfalfa mulches is summarized in Table 1 . After the fi rst year, all mulched plots were spot-treated with glyphosate every spring, if required, to control weeds that emerged through thinned areas or holes in the mulches or at the plot bound aries. This was not gen er al ly nec es sary for the black plastic except for slits near the trees or supporting posts. As a result, there were few differences in weed growth among treat ments. The nar row (1.5 m) inter-row zone was sown to a grass sod. Vigor of this stand was low due to drip-irrigation within the tree rows. When mown, clip pings essentially fell where cut.
The experimental site was located on a Skaha gravelly sandy loam, an Orthic Brown Cher nozem ic (Aridic Ustochrept) soil de veloped on fl uvial glacial deposits and com mon ly planted to tree fruits and vineyards in the south Okanagan (Wittneben, 1986) . These soils are typically coarse-textured, low in or gan ic matter, rapidly drained and low in water holding ca pac i ty like many of the orchard soils in the semi-arid re gions of British Columbia and Washington State. Insects and diseases were Recent interest in minimizing use of agrochem i cals in fruit growing to safeguard en viron men tal and human health has stim u lat ed interest in integrated fruit production (IFP). Com po nents of such production sys tems have been discussed in several recent international con fer enc es (International So ci ety for Hor ticul tur al Science, 1990 Science, , 1996 . Although sev er al options for nonchemical control of in sects and diseases exist, including disease-resistant cultivars and alternatives to soil fu mi ga tion, the alternatives for weed con trol in high density apple (Malus ×domestica Borkh.) or chards often have not maintained satisfactory pro duc tion (Schink and Wertheim, 1992) .
Mulching is a traditional weed con trol meth od that offers important potential ben e fi ts by main tain ing a high quality soil en vi ron ment (Hogue and Neilsen, 1987) . As sourc es of available mulches have diversifi ed, a re viv al of interest in this method has recently been documented (Merwin et al., 1995) . Sev er al recent fi eld trials in humid regions have identifi ed benefi cial ef fects of mulching on apple tree performance , soil moisture content and biological activity in orchard soils (Hartley et al., 1996) . Little in for ma tion is avail able concerning the effects of mulching in high density apple orchards in ir ri gat ed regions where daily irrigation and fertigation might be ex pect ed to reduce potential nutrient and water stresses. Of particular interest would be the effect of mulching on several problems as so ci at ed with fertigation of coarse-textured soils, including acidifi cation (Neilsen et al., 1999) and the development of K-de fi cien cy (Neilsen et al., 2000) . Also of interest would be the effect of using mulches in as so ci a tion with organic waste amendments. Biosolids and oth er biowaste amend ments have im proved the growth of an nu al horticultural crops in sandy soils, but their effects in perennial crop ping systems have re ceived little attention (Neilsen et al., 1998) .
Thus, a long-term fi eld trial was es tab lished to study the effects of various mulch and organic waste combinations on growth, yield and nutri tion of drip-fertigated apple trees. The effects of these treatments on mi cro bi o log i cal activity in these soils has been de scribed elsewhere (Forge et al., 2003) .
Materials and Methods
An experimental block of 'Spartanʼ apple trees on M.9 (T337) rootstock was planted at the Pacifi c Agri-Food Research Centre at Summerland in Apr. 1994 at 1.25 × 3.5-m spacing. Trees were trained as slender spin dles, each tree supported by a post. Commencing the year of planting, seven soil management treatments were established in a 2.0-m-wide strip centered controlled ac cord ing to standard com mer cial production prac tic es (British Co lum bia Ministry of Agriculture and Food, 1998) . Irrigation was supplied from May to October to exceed minimum re quire ments through two 4 L·h -1 drip emitters lo cat ed 0.5 m from each tree trunk within the tree row on both sides of the tree. From 1994 to 1998, irrigation was applied for 2 h per day until mid-August and after that for 2 h every second day. In 1999, irrigation was 2 h every second day until mid-August and 1.5 h every second day after that. Fer til iz ers were applied directly through the irrigation system commencing with a total of 10 g P (23 kg·ha -1 P) and 30 g N (70 kg·ha -1 N) per tree as a com bi na tion of ammonium polyphosphate (10N-15P-0K) and am mo ni um nitrate (34N-0P-0K). From 1995 to 1999, N only was fertigated as am mo ni um nitrate (34N-0P-0K) for a 6-week period com menc ing im me di ate ly postbloom for a total of 30 g N per tree per year except for 1996 (35 g N, 80 kg·ha -1 N) and 1998 (45 g N, 100 kg·ha -1 N). Trunk diameter at 0.3 m above the graft union was measured each spring (late Aprilearly May) commencing in the year of plant ing (1994) until 1998 for all treatment trees. A fi nal diameter measurement was made in Nov. 1999. A 30-leaf sample for each ex per i men tal unit was collected in mid-July, 1994-99, from the midportion of extension shoots of the cur rent yearʼs growth. All sam ples were oven-dried at 65 °C and ground in a stainless steel Wiley mill (A.H. Thomas Co., Philadelphia). A 250-mg subsample was digested for 0.75 h on a block digester at 350 °C in a H 2 SO 4 solution containing K 2 SO 4 and HgO. Nitrogen in the digest was determined through the for ma tion of an ammonium-salicylate com plex and P was determined through the for ma tion of a phosphomolybdenum blue complex (Technicon Autoanalyzer II Industrial Meth od No. 334-74A/A; Technicon, Elmsford, N.Y.). Onegram samples were also dry-ashed at 475 °C and dissolved in 0.5 M HCI for de ter mi na tion of Ca, Mg, K, Mn, Zn, Fe, and Cu by atomic absorption spectrophotometry. An nu al yield was measured for each treatment and replicate at harvest from 1995 to 1999 and ex pressed on a per tree basis. Cumulative yield effi ciency was calculated as cumulative yield from 1995 to 1999 divided by trunk cross-sec tion al area (TCA) as measured in Nov. 1999. The number of harvested fruit was recorded for each plot allowing the cal cu la tion of average fruit size.
Analysis of variance (ANOVA) was performed on leaf nutrient, growth and yield data as a ran dom ized complete-block design with sev en soil management treatments, replicated fi ve times. Data were analyzed separately by year, since trees changed from being veg e ta tive to having an increasing crop load over time.
All statistical analyses were undertaken using the general linear model (GLM) pro ce dure (SAS Institute, 1989) . Treatment means were sep a rat ed using Duncanʼs multiple range test at the level of probability indicated.
Results and Discussion
Vigor and yield. Average TCA was af fect ed by soil management treatment the year after planting (1995, Table 2 ). After six grow ing seasons, the largest trees were as so ci at ed with the shredded paper mulch treatment with TCA being more than 50% larger than check trees (P ≤ 0.0001). Application of 45 t·ha -1 of GVRD-or Kelowna-biosolids once ev ery 3 years beneath the paper mulch did not further increase TCA. Trees grown under black plastic mulch were larger than check trees from Spring 1995 until Spring 1997, but thereafter were the same size. Similarly trees grown under an alfalfa straw mulch were no larger than check trees after 6 years despite being larger until Spring 1998. Smallest trees were consistently observed for the check treat ment and for trees grown with 45 t·ha -1 of GVRD-biosolids, ap plied once every 3 years.
The improvement in tree vigor ob served for mulched trees in our study has been a generally reported consequence of mulching fruit trees (Haynes, 1980) . Improvements in shorter term tree vigor have previously been attributed to improved soil quality (Cockcroft and Tisdall, 1974) , increased availability of nitrogen (Boynton and Anderson, 1956) or of water (Shribbs and Skroch, 1986) . In the long er term, only mulches containing shredded paper resulted in signifi cantly larger trees than those grown in a herbicide strip (check treatment), implying that in the long term alfalfa straw and black plastic mulch had similar effects on tree growth as the standard herbicide treatment.
Soil management treatments also sig nificant ly affected fruit yield in three of the fi ve fruiting seasons (Table 3) . In these years, yields ex ceed ing those measured for check trees were observed for various treatments that in volved mulch application to the soil surface, in clud ing alfalfa (1 year), black plas tic or shredded paper applied alone or with GVRD-biosolids (all 3 years). Cumulative 5-year yields were higher (P < 0.001) for all six soil man age ment treatments relative to the check treat ment. Cumulative yield of trees to which GVRD-biosolids had been applied in 1994 and 1997 exceeded yield of check trees by 19% despite there being no signifi cant dif fer enc es in yield in any single year. Max i mum cumulative yield (80% above check treat ment) was measured for trees grown under shredded paper mulch. Cumulative yield for this treat ment however did not exceed cu mu la tive yield for the other mulch treatments, excepting the alfalfa straw mulch. In general, higher cu mu la tive yield was associated with larger trees. However the cumulative yield effi ciency of trees treated with GVRD-biosolids or black plastic mulch was higher than check trees (Table 3 ). These trees yielded more fruit than expected con sid er ing that their TCA was similar to check trees. Fruit size was sig nifi cant ly (P ≤ 0.05 or 0.01) affected by soil management treatment every other year, com menc ing the fi rst year of fruit ing in 1995 (Table 3) . The most consistent effect in these years was large fruit size mea sured on trees mulched with alfalfa.
Inconsistent effects of mulching on yield have previously been reported. For ex am ple, both increased yield (Baxter, 1970) or no signifi cant yield differences have been re port ed between (straw) mulch treatment rel a tive to herbicide strips . However, over a 6-year period, the lowest cumulative yields were measured in our study for trees maintained in herbicide strips with yields higher for all other soil management treatments, including one where 45 t·ha -1 of GVRD-biosolids were applied to the soil surface every third year and which never showed an annual yield greater than the herbicide check. Thus, all mulches increased yield for high density dwarf apple trees grown on coarse-textured soils in semi-arid regions despite an apparently optimum nutrient and water regime provided by daily drip irrigation and annual fertigation.
Major leaf nutrients. Soil man age ment treat ment did not have a consistent effect on leaf N concentration, with signifi cant dif fer enc es (P ≤ 0.05 or 0.01) observed among treat ments in only three of six years (Table 4 ). In the fi rst year, leaf N concentrations ex ceed ed leaf N of check trees only for treat ments in volv ing shred ded paper mulch alone or with GVRD-biosolids applied that same year, while in the second year, leaf N con cen tra tion was max i mum for the alfalfa mulch treatment. The only other year signifi cant dif fer enc es were ob served in leaf N con cen tra tion was 1997 when re-ap pli ca tion of GVRD-biosolids re sult ed in leaf N concentrations which ex ceed ed values mea sured in the shred ded paper, alfalfa and shred ded paper + GVRD treatments. It is un like ly that any of these changes in N avail abil i ty, as indicated by the observed increases in leaf N concentrations, signifi cantly affected growth or yield of 'Spartanʼ. Leaf N values for all treatments were often high (could exceed 27 g·kg -1
) and even in 1999, when lowest values were ob served, they were in the upper range of the 18 to 25 g·kg -1 adequacy values for young 'Spar tanʼ apple trees (British Co lum bia Min is try of Agriculture and Food, 1998). Despite high leaf N concentrations, there were few obvious effects on fruit quality including color among treatments. 'Spartanʼ is known to be a highly colored cultivar in this region.
Leaf P concentrations were more affected by soil management treatment than leaf N, with signifi cant differences (P ≤ 0.05 to P ≤ 0.0001) measured in fi ve of the fi rst six grow ing seasons (Table 4 ). In each of these years, trees grown in the shredded paper mulch ap plied over Kelowna biosolids had leaf P con cen tra tions signifi cantly greater than that of check trees and, with the exception of the fi rst year, had the highest P concentration of all treat ments. Similar increases (3 years) in leaf P concentration relative to check trees were also observed for the shredded paper plus GVRD-biosolids treatment. Alfalfa (2 years), shred ded paper (1 year), black plastic (1 year), and amend ment via GVRD-biosolids (1 year) also oc ca sion al ly increased leaf P con cen tra tion rel a tive to check trees. Few reports have em pha sized the benefi ts of mulching on apple tree P nutrition (Hogue and Neilsen, 1987) . In con trast, biosolids have previously been shown to be effective Psources for irrigated veg e ta bles when rototilled into the surface soil (Neilsen et al., 1998) . This research would imply that biosolids can be a source of P for apples, even when surface-applied, especially when placed beneath a mulch which seems to create con di tions suitable for P-uptake. Nevertheless, de spite the changes in leaf P con cen tra tion ob served in the study, values for all treatments exceeded the 1.5 g·kg -1 con cen tra tion generally considered 1994 1995 1996 1997 1998 1999 1994 1995 1996 1997 1998 1999 1994 1995 1996 1997 1998 1999 and Food, 1998) . Leaf K concentration was sig nifi cant ly (P ≤ 0.01 to P ≤ 0.0001) affected by treatment in all but the fi rst year of the study (Table 4) . The most consistent effect was associated with the alfalfa mulch where trees had the highest leaf K concentrations in the last 5 years of the study. All other mulches increased leaf K con cen tra tions in the year after planting (1995), while shredded paper alone (2 years) or with Kelowna biosolids (1 year) periodically in creased leaf K. Mulches which involve the addition of high K organic ma te ri als to the soil surface (eg. al fal fa, Table  1 ), have long been associated with higher leaf K concentrations (Hogue and Neilsen, 1987) . By the end of the study, treat ments such as check and black plastic mulch, which eliminate or reduce the recycling of orchard fl oor veg e ta tion to the soil surface, resulted in trees with leaf K con cen tra tions <14 g·kg -1 . Such values are close to the critical 12 g·kg -1 leaf K threshold likely to affect ad verse ly apple tree growth (Shear and Faust, 1980) . Drip-irrigated and NP-fertigated high density apple trees on coarse-textured soils are already known to be sus cep ti ble to de vel op ment of K-defi ciency from localized soil K-depletion (Neilsen et al., 2000) . Such a ten den cy would likely be ac cel er at ed under mulch treatments, such as black plastic, but inhibited by ap pli ca tion of alfalfa mulch.
Treatment effects on leaf Mg con centra tion were generally opposite to those observed for leaf K. For example, trees grown with alfalfa and paper mulches which had elevated leaf K concentrations had depressed leaf Mg concentrations relative to check trees, 1995-99 (Table 4) . Similar decreases in leaf Mg concentration were observed for trees in treat ments involving black plastic (2 years) and shred ded paper over GVRD-biosolids (1 year). Min i mum leaf Mg concentrations were below 20 g·kg -1 for trees mulched with alfalfa hay. Apple trees are expected to be sus cep ti ble to Mg defi ciency at such leaf con cen tra tions (Shear and Faust, 1980) . This implies that in the long term, mulches such as alfalfa which increase leaf K concentration can have detri men tal effects on tree Mg nutrition even though ben e fi cial effects on fruit size and yield were measurable during the fi rst fi ve pro duc tion sea sons.
There were no consistent effects of mulch treatments on leaf Ca concentration, with increas es (shredded paper and GVRD-biosolids) or decreases (alfalfa) relative to check trees occurring no more than twice in 6 years (Table  4) . Concentrations were un like ly to infl uence growth and were typical values ob served for normally growing apple trees in the Pacifi c Northwest.
Micronutrients. Leaf Zn con cen tra tion was frequently affected (5 of 6 years) by treat ment (Table 5 ). However, only for treat ments involv ing the application of GVRD-biosolids were increases relative to check trees observed in more than one year. Increased leaf Zn con cen tra tion was observed in 1995 and 1998, both years following the application of GVRD-biosolids in the paper plus GVRD-biosolids treatment. Application of GVRD-biosolids alone increased leaf Zn con cen tra tions for two successive years, but only fol low ing the sec ond application of GVRD-biosolids in 1997. GVRD-biosolids has a high total Zn con cen tra tion (Table 1) , which resulted in the co-application of 34 kg Zn per treated hectare twice in the relevant treat ments. Application of mulch es without biosolids was less ef fec tive at in creas ing leaf Zn concentrations, with increas es rel a tive to check treatments ob served in a single year early in the study for trees mulched with paper, alfalfa, or black plastic.
Zn-defi ciency is common on apple trees in the Pacifi c Northwest (Neilsen et al., 1988) with leaf Zn concentrations frequently <14 mg·kg -1 , a concentration com mon ly con sid ered a deficiency threshold for apple (Shear and Faust, 1980) . It is therefore encouraging that treatments involving the ap pli ca tion of GVRD-biosolids, excepting 1999 with shred ded paper, always maintained leaf Zn con cen tra tion >14 mg·kg -1 in con trast to check treatments, which resulted in leaf Zn con cen tra tion ≤14 mg·kg -1 , 1997-99. The longevity of the effect from Zn ap pli ca tions with soil amendments is in doubt since leaf Zn con cen tra tions declined from max i mum val ues in the years im me di ate ly fol low ing biosolids ap pli ca tions.
Leaf Mn concentration was also af fect ed by treatment in 5 of 6 years (Table 5) . Over time, the most noteworthy effect was an el e va tion of leaf Mn concentration associated with appli ca tion of GVRD-biosolids which re sult ed in trees in this treatment having high er leaf Mn than check trees in 3 years. Apparently co-application with paper with a high Ca content (Table 1 ) mitigated these Mn increases which were measured only in 1995 for the shredded paper and biosolids treatment while the shred ded paper mulch resulted in low leaf Mn concentration, signifi cantly less than check trees in 1996. High leaf Mn was occasionally observed for trees grown with alfalfa mulch (2 years), black plastic and shredded paper plus Kelowna biosolids for a single year.
Increased leaf Mn concentration is as so ci at ed with decreased soil pH for apple (Hoyt, 1988) . Annual application of 45 t·ha -1 of GVRD-biosolids has previously been as sociated with a decrease in soil pH after 3 years in sandy soils (Neilsen et al., 1998) and this is the likely explanation for increased leaf Mn con cen tra tions for this treatment. However for no treat ment was the increase in leaf Mn con cen tra tion close to the problem concen trations ex ceed ing 120 mg·kg -1 that have been re port ed for 'De li ciousʼ apple trees stunt ed from bark measles (Fisher et al., 1977) . Since leaf Mn con cen tra tions also exceeded the 25 mg·kg -1 defi ciency 1994 1995 1996 1997 1998 1999 1994 1995 1996 1997 1998 1999 1994 1995 1996 1997 1998 threshold for all treatments through out the study, changes in Mn avail abil i ty have, as yet, had little practical sig nifi cance. Change in soil pH induced by mulch or amendment treatments is the chief factor af fect ing leaf Mn con cen tra tion. A de cline in soil pH, as after GVRD-biosolids application, increases leaf Mn while Mn con cen tra tion decreases after application of a high Ca paper mulch. Leaf Cu concentrations were af fect ed by soil management treatments in 5 of 6 years and the effect was generally a re duc tion in leaf Cu relative to the check treatment (Table  5) . For example, leaf Cu concentration was relatively decreased for 4 years for the shredded paper plus Kelowna biosolids and alfalfa mulch treatments, for 2 years under black plastic, and for a single year under shredded paper. This either refl ects a low Cu content of the mulch (alfalfa) or co-application of high amounts of Ca (shred ded paper plus Kelowna biosolids) ( Table 1 ). For the two treatments involving application of GVRD-biosolids, leaf Cu sig nifi cant ly in creased relative to check trees in 1999 only, after the second ap pli ca tion. These results imply that mulches can decrease Cu avail abil i ty to apple trees, re quir ing increased vig i lance in orchards where leaf Cu con cen tra tions are close to defi ciency val ues of 4 to 5 mg·kg -1 (Shear and Faust, 1980) . In contrast, two ap pli ca tions of 45 t·ha -1 of high Cu GVRD-biosolids (Table  1) were required before sig nifi cant increases in leaf Cu con cen tra tion were mea sured.
Conclusions
Vigor and yield of a high density, fertigated apple orchard over the fi rst fi ve fruit ing sea sons was increased by soil man age ment treat ments involving the application of biosolids, various surface mulches, or both. Yield was low est for trees grown with the normal com mer cial pro duc tion practice involving main te nance of a wide (2 m) weed-free strip by multiple ap pli ca tions of glyphosate. Improved tree growth was not associated with im proved availability of any single nutrient, as in di cat ed by minimal and inconsistent effects of soil man age ment treat ments on leaf N con cen tra tion. Fertigation of N ap peared to ne gate major differential effects which may have resulted from the application of mulch es con tain ing different N contents.
Soil man age ment treatments did however affect nu tri ent avail abil i ty. Leaf P, Zn, and Cu con cen tra tions increased when biosolids were ap plied. Mulch es with a high K con tent pre vent ed the decline in leaf K con cen tra tion reported for trees grown in coarse-textured soils which are NP-fertigated. Mulch es had few positive ef fects on leaf micronutrient nutrition and some times de creased leaf Cu concentration. Other nonnutritional factors likely contributed to improved tree per formance. These include the extent to which surface mulches con served soil moisture and reduced tree water stress in these planting sys tems which normally would be con sid ered ad e quate ly irrigated when drip ir ri gat ed dai ly. Changes in soil properties and hence soil quality may also be critical since pop u la tions of benefi cial and deleterious soil or gan isms were altered by these soil man age ment treat ments (Forge et al., 2003) .
